Abstract-The long-standing problem related to prompt analyses in continuous air sampling or monitoring has been the wellknown interference of the radon-and thoron-progeny codeposited on the filtration media with any potential suspect radionuclides. The solutions to this problem have been quite diverse, and have included, for example, simple gross-alpha screening, the use of beta-to-alpha ratios, and/or the use of alpha spectral analyses. In the context of week-long retrospective continuous air sampling, this paper will explain, in detail, the technical basis for the use of the simple gross-alpha screening, beta-to-alpha ratio, and alpha spectrometry techniques and demonstrate the efficacy (or lack thereof) of these methods with simple examples. Although the most sensitive analysis technique for week-long retrospective continuous air samples is no doubt a long-lived count performed typically after at least a four-day decay period, when necessary, certain prompt and semi-prompt techniques discussed here can approach a sensitivity that is within about an order of magnitude of the long-lived count. Health Phys. 100(2):191-200; 2011
INTRODUCTION
THE LONG-STANDING problem in continuous air sampling (and continuous air monitoring, for that matter) has been the well-known interference of the radon-and thoronprogeny co-deposited on the filtration media with any potential suspect radionuclides. The interference is relatively more severe in the prompt detection and/or measurement of the alpha-emitting radionuclides of concern due to their typically much smaller DAC (Derived Air Concentration) values.
Radon (i.e., 222 Rn) is the radioactive decay product of 226 Ra. Radon decays by alpha emission to the 6.002 MeV-alpha emitter 218 Po, which then decays to the beta emitter 214 Pb, which then decays to 214 Bi, which can be, for all practical purposes, considered both a beta emitter and an alpha emitter. This is so since the 214 Po alpha emission at 7.69 MeV occurs promptly (within 1 ms). Thoron (i.e., 220 Rn) is the radioactive decay product of 224 Ra. Very short-lived thoron (55.6 s) decays by alpha emission through 216 Po (half-life of 0.145 s) to the relatively long-lived beta emitter 212 Pb, which then decays to 212 Bi, which can also be, for all practical purposes, considered both a beta emitter and an alpha emitter. This is so since 36% of its decays result in alpha emission near the 6 MeV peak and the 3.1-min 208 Tl decay product, a beta emitter, whereas the other 64% of its decays are by beta emission that result in the 212 Po alpha emission at 8.78 MeV occurring promptly (within 1 s).
The solutions to this radon-and thoron-progeny interference problem have been quite diverse, and have ranged from simple gross-alpha screening and/or the use of beta-to-alpha ratios to alpha spectral analyses and/or particle size discrimination. The gross-alpha screening techniques simply involve the use of a gross-alpha counter (NBS 1952) , whereas a technique using beta-toalpha ratios would necessarily involve a gross-alpha/beta counter (Ello et al. 1965) . The alpha spectrometry techniques in use since the 1960's (Phillips and Lindeken 1963) are often characterized both by reduced flow rates, necessitated by filters with more surface than depth collection properties, and by higher cost electronics. Particle size discrimination techniques bias against the naturally-occurring radon and thoron progeny attached to smaller-sized ambient aerosols, often through the use of a virtual impactor, and are usually used in conjunction with alpha spectral analyses (Yule 1978) .
In the context of week-long retrospective continuous air sampling, this paper will explain, in detail, the technical basis for the use of the simple gross alpha screening, beta-to-alpha ratio, and alpha spectrometry techniques and demonstrate the efficacy (or lack thereof) of these methods with simple examples. Not discussed here will be the particle size discrimination techniques.
PROMPT ANALYSIS TECHNIQUES

Techniques based on gross alpha count rates
Classically, the mathematical solution for the activities on an air filter during and post-sampling would have involved a set of coupled differential equations known as the Bateman equations. However, Fu-Chia and ChiaFong (1978) Table 2 in units of ␣ dpm per lpm for an assumed Rn concentration of 0.5 pCi l Ϫ1 with a Tn-progeny concentration one order of magnitude less than that. Let us now presume a sample flow rate of 2 cfm (i.e., 56 lpm). The result is then presented in Table  3 in units of gross ␣ dpm. The 239 Pu activities are also given by the equivalent DAC-h exposure. Note that even after only 1 h of sampling, the Rn-progeny activities alone are equivalent to about 35 to 90 DAC-h of 239 Pu activity. At equilibrium (i.e., 4 h), they equate to about 50 to 130 DAC-h. After a day of sampling, near equilibrium activities of thoron progeny would also present, and they would persist for the next 6 d as well until filter exchange. At the presumed 0.05 pCi l Ϫ1 concentration, they would equate to about 160 DAC-h; at 0.005 pCi l Ϫ1 , they would equate to about 16 DAC-h. 220 Rn-progeny ␣ dpm rates during buildup on an air filter; (2b) 220 Rn-progeny ␤ dpm rates during buildup on an air filter; (2c) 220 Rn-progeny ␤-to-␣ dpm rate ratios during buildup on an air filter.
It is easy to see that, by gross alpha disintegration rate measurements alone, apparent activities of several hundred DAC-h of equivalent 239 Pu could be attributable to radon-and thoron-progeny collected on the filter.
Techniques based on beta-to-alpha disintegration ratios
The techniques which are based on beta-to-alpha disintegration ratios make use of the naturally occurring beta-to-alpha disintegration (or count) ratios and departures therefrom. This ratio was found empirically to hold relatively constant (Ello et al. 1965) . With the help of Fu-Chia and Chia-Fong's general formulae, one can investigate theoretically the origins and behavior of radon-and thoron-progeny beta-to-alpha disintegration rate ratios (Justus 1990 ).
The use of these formulae yield Figs. 1 and 2 for the buildup (on an air filter sample during the sampling itself) of the disintegration rates from airborne radon Rn progeny are reached, the ␤-to-␣ ratio can still readily range from about 1.4 to 1.6, depending upon the age of air. (In the first hour, before near-equilibrium activities are reached, it can be seen that the ␤-to-␣ ratios can vary widely.) For the 220 Rn progeny, Fig. 2c shows that, after a few hours, the ␤-to-␣ ratio can readily range from about 1.9 to 2.0, depending upon the extent of disequilibrium within the air. [In the first few Sampling time hours, before near-equilibrium activities are reached, it can be seen that the ␤-to-␣ ratios also can vary widely. However, at typical airborne concentrations, not much activity is typically present (i.e., built-up) on the filter in those first few hours.] Besides the presentation of the composite ␤-to-␣ ratios for the given ages of air (or disequilibrium ratios), Figs. 1c and 2c also show, for the interested reader, the contributions to the eventual ␤-to-␣ ratio from each individual progeny nuclide sampled from the air. Note that, unlike Figs. 1a, 1b, 2a, and 2b, the composite curves in Figs. 1c and 2c are not determined by the sums of the ratios of the individual progeny but rather by summing the progeny beta dpm and dividing by the sum of the progeny alpha dpm.
Example 2. A retrospective air sample is pulled after 4 d of sampling and immediately counted on a Berthold 770 gross alpha/beta counter for a prompt analysis. The age of the air in the sampled area is unknown, as is the relative amount of radon to thoron. In the absence of any further information, the expected ␤-to-␣ ratio could unfortunately therefore be any value from about 1.4 (i.e., for pure 222 Rn progeny with a 10-min age of air) to about 2.0 (i.e., for pure 220 Rn progeny with a 20-min age of air). One can decide if excess ␣ is present only if the ratio is lower than 1.4 beyond expected measurement errors. (a) If the ratio really is about 1.4 (i.e., due to 0.5 pCi l Ϫ1 of radon with a 10-min age-of-air sampled at 56 lpm), then 870 ␣ dpm and 1,220 ␤ dpm will be measured on the filter. The measurement time on the Berthold 770 ␣␤ counter is 3 min with counting efficiencies of 0.24 and 0.38 counts/disintegration for ␣ and ␤, respectively. Background count rates, their associated variance, and variance and/or bias in the counting efficiency values will be ignored here for simplicity. The relative errors of the ␣ and ␤ disintegration rates add in quadrature to yield the relative error in the ␤-to-␣ disintegration rate ratio:
where ␤ is the ␤ disintegration rate, ␣ the ␣ disintegration rate, R the ␤-to-␣ disintegration rate ratio, and 2 the variance of each. For this simplified example, each term on the right side of eqn (1) is also equivalent to the variance of the count rate over the square of the count rate. Hence, each term on the right becomes:
where c is a count rate, T the count time, the counting efficiency, and A the disintegration rate. Therefore, The 2 error in the measurement of this 1.4 ␤-to-␣ ratio is therefore about 0.13. The decision that excess ␣ is present is therefore made for measured ratios less than about 1.27. This would require 94 ␣ dpm (i.e., 1220 ␤ dpm/870 ϩ 94 ␣ dpm), which is equivalent to about 3 DAC-h. Hence, in an environment of pure 222 Rn progeny with a 10-min age of air, a sensitivity of a few DAC-h is achievable. (b) However, if the ratio really is about 1.9 (i.e., due to an environment of 0.5 pCi L Ϫ1 of radon with a 30-min age-of-air plus 0.05 pCi L Ϫ1 of thoron progeny, all sampled at 56 lpm), then 7,730 ␣ dpm total (2,010 from radon and 5,720 from thoron progeny) and 14,660 ␤ dpm total (3,220 from radon and 11,440 from thoron progeny) will be measured on the filter. The measurement time on the Berthold 770 ␣␤ counter is still 3 min with counting efficiencies of 0.24 and 0.38 counts/ disintegration for ␣ and ␤, respectively. Unfortunately, in the absence of any further information regarding the actual relative amount of radon to thoron and the age of the air in the sampled area, the decision that excess ␣ is present must still be made for measured ratios less than about 1.27. This would require over 3800 ␣ dpm (i.e., 14,660 ␤ dpm/7,730 ϩ 3,856 ␣ dpm), which is equivalent to slightly over 100 DAC-h.
It should be noted here that any background count rates, their associated variance, and variance and/or bias in the counting efficiency values were ignored here for simplicity. While inclusion of such uncertainties was beyond the intent of this paper, such uncertainties may be very significant when doing gross counting on a filter since multiple alpha and beta energies may be present, efficiencies vary with energy, and particulate penetration into the filters and dust buildup during collection affect efficiencies, especially for the alpha emissions. It should also be noted that the use of a 2 error value in the determination of the detection or critical level would correspond to about a 2.3% false alarm rate (i.e., about once every 40 air samples). The use of a 3 or 4 error value might be more appropriate for a large retrospective air sampling program, corresponding to false alarm rates of about 0.13% and 0.003%, respectively. Fig. 4c shows that the ␤-to-␣ ratio will be expected to be rock-solid at 1.9, independent of the extent of equilibrium within the air. Hence, a semi-prompt technique involving the 4 h decay could be a viable alternative. This technique in fact has been successfully proven and utilized at Argonne National Laboratory. † Example 3. The semi-prompt technique involving a decay time of 4 -5 h will be used for the filter from Example 2(b) above. The recount at 5 h yields 4,480 ␣ dpm and 8,512 ␤ dpm measured on the filter. The measurement time on the Berthold 770 ␣␤ counter is still 3 min with counting efficiencies of 0.24 and 0.38 counts/disintegration for ␣ and ␤, respectively. The 2 error in the measurement of this 1.9 ␤-to-␣ ratio is therefore 0.08. The decision that excess ␣ is present is therefore made for measured ratios less than 1.82. This would require 190 ␣ dpm (i.e., 8,512 ␤ dpm/4,480 ϩ 190 ␣ dpm), which is equivalent to 5 DAC-h. It can also be shown that if the thoron progeny concentration was reduced to 0.005 pCi L Ϫ1 (with an expected 448 ␣ dpm and 851 ␤ dpm from the recount), 66 ␣ dpm would be required, equivalent to 2 DAC-h.
It is easy to see that, by prompt gross beta-to-alpha disintegration rate ratio measurements alone, apparent activities of over 100 DAC-h of equivalent 239 Pu could be attributable to radon-and thoron-progeny collected on the filter. It is also easy to see, however, that by the semi-prompt gross beta-to-alpha disintegration rate ratio † Personal communication, W. Munyon, (630) 252-3327, wjmunyon@ anl.gov, 1999.
Fig. 3. (3a)
222 Rn-progeny ␣ dpm rates during decay of a 1-day air sample; (3b) 222 Rn-progeny ␤ dpm rates during decay of a 1-d air sample; (3c) 222 Rn-progeny ␤-to-␣ dpm rate ratios during decay of a 1-d air sample.
measurements, apparent activities down to several DAC-h of equivalent 239 Pu could be realized.
Techniques based on alpha spectroscopy
The techniques that are based on alpha spectroscopy make use of a high-resolution alpha spectrometer, using a solid-state silicon (Si) detector, in order to determine and measure the discrete alpha energies that comprise the gross alpha count. This technique was used by Phillips and Lindeken (1963) in the field of air monitoring to successfully discriminate between the radon-and thoron-progeny and a plutonium region of interest (ROI). The discrimination, however, was not total, since it was noted that about 25% (or more, depending upon filter selection) of the 218 Po (6 MeV) activity was sufficiently degraded to appear in the 239 Pu (5.15 MeV) ROI. This degradation is now commonly referred to as "peak tailing." Fig. 5 is an example of an alpha spectrum from a typical continuous air sample. The interference to the left side of the vertical marker corresponding to 239 Pu can readily be seen as the tailing from the 6 MeV alpha emissions from the radon-and thoron-progeny.
Once again, with the help of Fu-Chia and ChiaFong's general formulae, one can determine the buildup (on an air filter sample during the sampling itself) of 6 MeV alpha disintegration rates from airborne radon-and thoron-progeny. Returning to Fig. 1a , the rapid exponential buildup of the 218 Po alpha activity at 6.002 MeV was noted previously. For the alpha spectrometry techniques, the concern with 222 Rn progeny may, for the most part, stop here. All other alpha activity, presented in the gross alpha activity buildup curves of Fig. 1a , is due to the 214 Bi( 214 Po) alpha activity appearing at 7.69 MeV in the alpha spectrometry techniques. Regardless of the age of air, the 6.002 MeV ␣ disintegration rates at equilibrium activities are only about 9.8 ␣ dpm per pCi L Ϫ1 ⅐ lpm (normalized to the airborne 218 Po concentrations). It was noted earlier, however, that 36% of the gross alpha emissions from the 212 Pb and 212 Bi thoron (i.e., 220 Rn) progeny occur near the 6 MeV peak and 64% at 8.78 MeV. Returning to Fig. 2a , fully aged air (i.e., characterized by the 212 Pb: 212 Bi ratio of 1:1) therefore yields the maximum 6 MeV alpha disintegration rate at equilibrium activities of about 0.36 ϫ 2,236 ϭ 805 ␣ dpm per pCi L Ϫ1 ⅐ lpm. For very young air with a 212 Pb:
212 Bi ratio of 1:0, the 6 MeV alpha disintegration rate at equilibrium activities is about 735 ␣ dpm per pCi L Ϫ1 ⅐ lpm (due to 212 Pb alone). Returning to Fig. 3a , the rapid exponential decay of the 218 Po alpha activity at 6.002 MeV was also seen previously. A simple time delay of at least 10 min between the cessation of air flow through a filter and the initiation of an integral count corresponds to a decay of greater than three half-lives. However, returning to Fig.  4a , unfortunately the same cannot be said of the thoron progeny; significant decay is measured in days, not minutes.
It is often stated that the alpha spectrometry techniques are characterized by reduced flow rates, necessitated by filters with more surface than depth collection properties. However, it has been shown (Canberra 2004 (Canberra , 2006 ) that glass-fiber depth filters can yield spectra that are acceptable for analyses by alpha spectrometry techniques. It should be specially noted here, though, that this absolutely requires collection of aerosols to the proper side of the glass-fiber depth filter. The Hollingsworth & Vose LB-5211 glass-fiber filter media, in use at Los Alamos National Laboratory and many other Department of Energy National Laboratories, utilizes a spun-bonded polyester backing in order to ruggedize the filter (Hollingsworth & Vose 1985) . In order to utilize alpha spectrometry techniques, aerosols must not be collected onto the back of the filter. ‡ Example 4. Table 4 shows the buildup of 6-MeV alpha activities for radon progeny (both 10-and 30-min and aged air) and for thoron progeny (at 1:0.2). Presumed once again are typical airborne concentrations of radon and thoron progeny of 0.5 and 0.05 pCi L Ϫ1 , respectively, and a sample flow rate of 2 cfm (i.e., 56 lpm). The results are therefore presented within Table 4 in the units of 6-MeV ␣ dpm. Also shown is the buildup for long-lived 239 Pu at 5.15 MeV at a concentration of 1 DAC. (The 239 Pu activities are also given by the equivalent DAC-h exposure.) Note that after only 1 h of sampling, the 222 Rn-progeny 6-MeV activity (i.e., due to 218 Po alone) is equivalent to about 7 DAC-h of 239 Pu activity (e.g., from 246/37 to 274/37). At gross ␣ equilibrium (i.e., 4 h), it is still the same. After a day of sampling, near equilibrium activities of thoron progeny are also present, and they would persist for the next 6 d as well until filter exchange. At the presumed 0.05 pCi l Ϫ1 concentration, they would equate to about 50 DAC-h; at 0.005 pCi L Ϫ1 , they would equate to only about 5 DAC-h. If only about 25% of the composite 6 MeV peak tails into the 239 Pu region of interest, then for these assumed concentrations ‡ Personal communication, T. Voss, (505) the effective ROI interference could be expected to range from about 25% of 12 DAC-h (i.e., 7 ϩ 5) to 57 DAC-h (i.e., 7 ϩ 50), or an apparent 3 to 14 DAC-h of activity due to radon-and thoron-progeny activities present on the filter at the immediate cessation of sampling. However, if the time delay to the initiation of the spectrometric count corresponds to a significant decay of the 218 Po with a 3.1-min half-life, this interference could be further reduced to only about 1 to 12 DAC-h of apparent activity due to thoron progeny tailing alone (e.g., 25% of 5 to 50 DAC-h).
DISCUSSION
From the technical analysis of the simple gross alpha disintegration rate screening technique, one readily realizes that there could be apparent activities of several hundred DAC-h of equivalent 239 Pu activity due to radonand thoron-progeny activities present on the typical retrospective air filter. The technical analysis of the prompt beta-to-alpha disintegration rate ratio technique reaches essentially the same conclusion, with apparent activities of up to over 100 DAC-h of equivalent 239 Pu readily attributable to radon-and thoron-progeny collected on the filter.
Hence, for both the gross alpha and the prompt beta-to-alpha ratio techniques, with sensitivities for apparent activities within a factor of about three or so of approximately 100 DAC-h, one could not be sure that excess 239 Pu would indeed be present unless a significant activity, say an order of magnitude over 100 DAC-h, was present (i.e., about 1,000 DAC-h). Note that if the air affected by an accidental release was 100% filtered by an air sample, then that would indeed be excellent (not to mention miraculous) health physics. However, it would be poor health physics measurement. A measurement is not expected to greatly perturb the airborne concentrations and would be expected to actually filter a 1 to 10% sample of the affected air. Hence, about 90 to 99% of the air remains unfiltered and contains the complement to the 1,000 DAC-h sampled. In other words, about 10,000 to 100,000 DAC-h of activity would be expected to be present (outside of the filter) on horizontal and other surfaces involved, not to mention personnel. Other prompt detection means would be more likely to alert health physics personnel to such an accidental release rather than prompt analyses of retrospective air filters using either the gross alpha technique or the prompt beta-to-alpha ratio technique.
The technical analysis of the semi-prompt gross beta-to-alpha disintegration rate ratio technique, however, indicates that sensitivities for apparent activities on the order of several DAC-h of equivalent 239 Pu are possible. However, the technique does require at least a 4-h decay prior to the gross ␣␤ count.
The technical analysis of the alpha spectrometry technique showed that the sensitivities for apparent activities, due to interference on typical alpha spectra from radon-and thoron-progeny activities present on the filter at the immediate cessation of sampling, could be a dozen DAC-h or less. However, even this could be further reduced to perhaps only a few DAC-h if the time delay to the initiation of the spectrometric count corresponds to a significant decay of the short-lived 218 Po. This is probably the logistical reality.
No doubt the most sensitive analysis technique for week-long retrospective continuous air samples is a reasonably long count following the decay of the radonand thoron-progeny (i.e., a so-called long-lived count performed typically after at least a 4-d decay period). A 10-min count on a reasonably efficient low-level counting system can typically detect a small fraction of a DAC-h of 239 Pu. For example, for the Berthold 770 gross ␣␤ counter with a measurement time, T S , of 3 min, an alpha counting efficiency, ␣ , of 0.24 counts/disintegration, an alpha background count rate, R B , of 0.11 cpm as determined by a 5-min background count time, T B , a minimum detectable activity (MDA) after Currie (1968) can be determined as:
At the flow rate of 56 lpm, this MDA of 7.6 dpm alpha corresponds to a sensitivity, in equivalent 239 Pu DAC-h, of about 0.2 DAC-h (i.e., 7.6 dpm/37 dpm). Table 5 summarizes the sensitivities of the various prompt analysis techniques in comparison to a typical long-lived count of retrospective continuous air samples.
CONCLUSION
No doubt the most sensitive analysis technique for week-long retrospective continuous air samples is a reasonably long count following the decay of the radonand thoron-progeny (i.e., a so-called long-lived count performed typically after at least a 4-d decay period). A 10-min count on a reasonably efficient low-level alpha counting system can typically detect a small fraction of a DAC-h of 239 Pu. When necessary, however, perhaps on a samplespecific basis, the alpha spectrometry and/or the semiprompt gross beta-to-alpha disintegration rate ratio techniques discussed here can approach sensitivities for apparent activities of equivalent 239 Pu that are within approximately an order of magnitude of the very sensitive long-lived count (i.e., either can approach several DAC-h of equivalent 239 Pu).
